Summary.
Sinoatrial and atrioventricular nodal cells as well as Purkinje and working myocardial cells isolated enzymatically from rabbit hearts were examined by transmission electron microscopy.
The cardiac cell fine structure remained well organized in the storage solution after isolation.
In normal Tyrode solution, the nodal cells changed from spindle shaped to spherical, whereas the shapes of Purkinje and working myocardial cells remained unchanged.
The nodal cell fine structure became disorganized with respect to its sarcomeric arrangement in normal Tyrode solution. This was assumed to result from a combination of several factors seen in the nodal cells: the loss of the normal anchoring of the myofibrils at the previous intercalated discs, breakdown of the Z bands and the alteration of the integrity of the intermediate filaments.
Also, extensive restoration of plasma membrane damaged by the isolation procedure was observed in this solution.
This might correspond to the retention of the normal physiological properties of the plasma membrane of the nodal cells despite gross morphological changes undergone in normal Tyrode solution.
The advantages of using isolated myocardial cells for physiological investigations of the cellular mechanism underlying the cardiac function are now being recognized (NAKAYAMA et al., 1984) . Single cells isolated from myocardial tissue permit us not only to record membrane potentials and currents from whole cells, but also to investigate single-channel currents from isolated cell-free patches (HAMILL et al., 1981; TANIGUCHI et al., 1981; NANAYAMA et al., 1984; ISENBERG and KLOCKNER, 1982) . When atrial and ventricular cells are isolated and placed in Tyrode solution, they retain their rod shapes as seen in situ. Nodal cells, in contrast, undergo gross morphological changes (TANIGUCHI et al., 1981; IRISAWA and NAKAYAMA, 1983; NAKAYAMA et al., 1984) , while their physiological properties remain relatively unchanged.
As yet, however, no detailed description has been made available on the fine structure of these morphologically changed isolated cells.
The aim of this study is to understand the character of the fine structural change occurring in Tyrode solution. We compared the fine structure of cardiac cells isolated from the sinoatrial node, atrioventricular node, Purkinje fibers, atrium and ventricle in normal Tyrode solution with those in the storage solution.
MATERIALS AND METHODS
For the isolation of single cardiac cells, rabbits weighing 1.0-1.5 kg were used. After anesthetizing with pentobarbital sodium (40 mg/kg i.v.), the chest was opened under artificial respiration, and the aorta was cannulated to perfuse the coronary artery with Tyrode solution. The heart was dissected out and suspended on a Langendorff apparatus. After flushing the blood, 80 ml of nominally Ca2+ free Tyrode solution (referred to as Ca2+ free Tyrode solution in this paper) bubbled with 1000 oxygen was perfused at a pressure of 65 cm HO. Fifty ml of Ca2+ free Tyrode solution containing 20 mg collagenase (Sigma type 1) was then perfused for 1 hr by recirculation.
The enzyme was washed out by perfusing 50 ml high-K low-Cl solution (ISENBERG and KLOCKNER, 1980 ; referred to as the storage solution in this paper), and the heart was then stored in this solution at 4°C for at least 1 hr. Small tissue samples were taken from the sinoatrial node, atrioventricular node, Purkinje fibers, right atrium and ventricle under a stereomicroscope (NoMA and IRISAwA,1976) . The samples were brought into a chamber filled with the storage solution and gently stirred to isolate the cells. After the cells had settled to the bottom of the chamber, normal Tyrode solution was perfused into the chamber at a rate of 3-4 ml/min.
A period of more than 1 hr then elapsed before beginning the physiological experiments. Electron microscopy: Some of the cells in the storage solution were transferred to the centrifugation tube to process for transmission electron microscopy.
Pellets were collected by centrifugation, and were fixed in 4% glutaraldehyde in a 0.1 M sodium cacodylate buffer, rinsed twice in 0.1 M sodium cacodylate buffer with 4.5% sucrose, postfixed with 2% osmiumtetroxide in the same buffer, dehydrated in an ascending series of alcohol, infiltrated with an epon araldite mixture, and polymerized by heating.
Silver to gold sections were cut from pellets on a Porter-Blum MT-2 ultramicrotome, mounted on 150 mesh copper grids, double-stained with 2 % uranylacetate and 1 % lead citrate, and examined in a JEOL 10OCX transmission electron microscope.
The normal Tyrode solution contained (in mM): NaCI 144.0, KC1 5.4, CaC12 1.8, MgCl2 0.5, NaH2 P04 0.3, glucose 5.5, HEPES 5.0. The pH value was adjusted to 7.4 with NaOH. The nominally Ca2+ free Tyrode solution was made simply by omitting CaCl2 from normal Tyrode solution.
The storage solution contained (in mM) : taurine 10, oxalic acid 10, glutamic acid 70, KCl 25, KH2P0410, glucose 11, and EGTA 0.5, and the pH value was adjusted to 7.2 with K0H (TANIGucHI et al., 1981) .
RESULTS

Light microscopy
The size and shape of the isolated cells of rabbit hearts have been previously reported (IRISAWA and NAKAYAMA, 1984) . Cells isolated from the sinoatrial and atrioventricular nodes displayed a spindle shape with tapering ends. They were frequently polyhedral and bifurcated in Ca2+ free Tyrode solution. In normal Tyrode solution, the spindle shaped nodal cells began to contract rhythmically, progressively changing into a spherical shape. Subsequent contractions of the cells were so slight that they were barely recognizable under the phase contrast microscope at low magnifications.
At higher magnifications, rhythmical spontaneous contractions were observed having frequencies between 120 and 250/min.
The spontaneous contractions lasted for over 2 hrs. Arrows indicate the remnants of intercalated discs. x 6.700
The cells isolated from the right atrium and ventricle maintained their rod shape in the storage solution and exhibited a jagged contour at both ends, corresponding to the intercalated discs in situ. When superfused with normal Tyrode solution, both ends of the cells gradually rounded to form smooth borders.
The isolated cells from Purkinje fibers remained rod-shaped in the storage solution, and they were smaller in width than the ventricular cells. When superfused with normal Tyrode solution, the jagged contour at both ends of the cells changed to the same smooth cell border as in the working myocardial cells.
Electron microscopy 1. Isolated nodal cells in the storage solution Nodal cells isolated from the sinoatrial and atrioventricular nodes resembled each other in their fine structural features. The continuity of the plasma membrane and the morphological polarity of the cells were well maintained (Fig. 1) . At the tapered ends of the cell, specialized membrane areas with jagged contours accompanied by densely stained subplasmalemmal material were observed. These were the remnants of the intercalated discs (Fig. 1, arrows) . Many caveolae and a small number of microvilli were recognized on the plasma membrane.
The nucleus was located centrally and occupied a relatively large part of the nodal cell. Myofibrils were distributed sporadically at the periphery of the cell. A pattern of periodic banding was identified in appropriately sectioned myofibrils, though part of the Z band was seen to disappear in some cells (figure not shown). In cross sections, regular arrangements of thin filaments around thick filaments were seen scattered in the cytoplasm (figure not shown). A small number of the intermediate filaments was associated with the Z band. Cell organella such as mitochondria, rough endoplasmic reticulum and Golgi apparatus accumulated at the axial region of the cell (Fig. 1, 2 ). Mitochondria were generally smaller and more slender than those in the ventricular cells. Their structures were well preserved without any disorder of the cristae (Fig. 2) , although a few nodal cells contained swollen mitochondria, indicative of cell damage.
The rough endoplasmic reticulum and Golgi apparatus of nodal cells did not differ in morphological appearance from those of working myocardial cells. Remnants of gap junctions were often found on the surface of the cell, accompanied by cytoplasmic vesicles presumably pinched off from the partner cell (Fig. 4) (NAG and ZAK, 1979) . Desmosomes lost the partner membrane, leaving a local specialized membrane with an accumulation of intermediate filaments (Fig. 5) .
Isolated nodal cells in normal Tyrode solution
The cells which were incubatad in normal Tyrode solution for more than 1 hr before fixation were examined electorn microscopically.
The plasma membrane maintained its continuity, displaying many caveolae and a small number of microvilli (Fig. 3) . Indentation and vacuole formation of the plasma membrane were observed in the peripheral cytoplasm; they were particularly prominent in regions presumed to be the former sites of intercalated discs. The membrane of the indentations and vacuoles was associated with an accumulation of a densely stained material which was presumably a remnant of the subplasmalemmal dense material of the intercalated discs (Fig.  6, arrows ). An association of thin myofilaments with the dense material was observed (Fig. 6) . In general, the myobfirils were randomly dispersed in the cytoplasm, and the periodic banding pattern was dfficult to recognize in longitudinal sections (Fig. 8) . However, it was relatively easy to recognize the regular arrangement of thick and thin Accumulations of dense materials are remnants of either internalized subplasmalemmal intercalated disc densities ( * ) or 7. dense materials (doublearrowhead). The large arrows indicate internalized fragments of an intercalated disc. The large arrow head indicates a microvillus.
x 16,800 myofilaments in cross sections (Fig. 6 ). These observations indicated the disarrangement and wavy running of myofibrils anchoring on the distorted intercalated discs. Mitochondria, rough endoplasmic reticulum and a Golgi apparatus were distributed around the nucleus, showing no fine-structural modification indicative of cell damage (Fig. 6) . Ill-defined, irregularly shaped, dense materials were seen at two different locations in the cytoplasm, i.e., one associated with myofibrils and the other distributed near the subplasmalemmal dense materials (Fig. 3, 6 ). The former were assumed to have come from the Z dense materials, and the latter were confirmed by serial sectioning to be in continuity with the subplasmalemmal dense materials at the indentation mentioned above.
Intermediate filaments, 8-9 nm in diameter, appeared more numerous than those observed in the storage solution (Fig. 6-8 ) probably due to the decreased cell volume caused by contraction.
These filaments were irregularly arrayed and undulated around cell organella. They were associated with the subplasmalemmal dense materials at the indentations of the plasma membrane.
Microtubules were observed associating with centrioles in the perinuclear region (Fig. 6) .
In addition to the cells having the relatively normal appearance described above, isolated cells showing marked structural alterations were also recognized (figure not shown). In these cells, the organella and nucleus were displaced toward the periphery, and closely packed myofilaments occupied the central area. These morphological changes may have originated from a supercontracture due to the overloading of the intracellular Ca2+ concentration (Russo et al., 1981) or the rigors arising from an ATP deficiency. 
Isolated Purkinje cells and working myocardial cells in the storage and normal Tvrode solutions
As these cells do not show marked morphological alterations in either the storage or normal Tyrode soliutons, their appearance in the two solutions will be jointly described. The isolated Purkinje cells had a thin and elongated rod shape in both solutions (Fig.  9 ). In the storage solution, many projections with densely stained subplasmalemmal materials were found at both ends. These were the remnants of interdigitation at the intercalated discs. They disappeared in the normal Tyrode solution, while indentations and vacuolations accompanied with subplasmalemmal dense material appeared in the cytoplasm near the former sites of the intercalated discs (Fig. 9, 11 ). The contents of the vacuoles were the same as those of the extracellular space. Myofibrils were distributed in the periphery of the cell, approximately parallel to the long axis of the cell. The periodic banding pattern appeared well organized in thin sections, although a part of the Z band disappeared (figure not shown). Mitochondria, rough endoplasmic reticulum and a Golgi apparatus were grouped at the inner region of the cell along the midline. They showed no morphological modification indicative of cell damage, and 10 11 Fig. 10 . An electron micrograph of an isolated working myocardial cell of the right ventricle in the storage solution.
Arrows indidate the remnants of an intercalated disc. x 4,500 Fig. 11 . An electron micrograph of an isolated working myocardial cell in normal Tyrode solution. Subplasmalemmal dense materials of the intercalated discs (arrows) are seen at the indentation of the plasma memdrane and near the large vacuole.
x 4,600 assumed a normal appearance. A small number of mitochondria were also observed at the subplasmalemmal region and between the myofibrils. Mitochondria at the subplasmalemmal region were generally small, although the size of mitochondria varied extensively (Fig. 9) .
Cells isolated from the atrium and ventricle maintained a high degree of fine structural organization (Fig. 10) . These cells appeared to be similar to those described in situ (McNUTT and FAWCETT, 1974; SOMMER and WAUGH, 1976) .
A small number of intermediate filaments were identified in the cytoplasm of both the Purkinje cells and working myocardial cells (FERRANSE and ROBERTS, 1973; BEHRENDT, 1977) . They were easily observed in thin sections cut parallel to the long axis of myofibrils. They appeared as parallel arrays, connecting adjacent Z bands at almost right angles to the long axis of the myofibrils (Fig. 9, 10) . They seemed to increase in number and display a less orderly pattern between adjacent Z lines in normal Tyrode solution when compared to those in the storage solution, often following a gently curving course around cell organella (Fig. 12, 13) .
DISCUSSION
The present study shows the fine structural features of nodal cells isolated from rabbit hearts, comparing them with those of working myocardial cells.
Isolated nodal cells in the storage solution showed a high degree of organization in the fine structure described in situ (TORtt, 1962; VIRAGH and PORTE, 1973a, b) .
In normal Tyrode solution, isolated nodal cells maintained the continuity of the surface plasma membrane.
Accompanying indentations and vacuolations occasionally contained remnants of intercalated discs damaged by the isolation procedure. This suggests the existence of a rapid restoration process of the surface plasma membrane by 12 13 internalization of the distorted membrane areas caused by the isolation procedure. Cell organella such as mitochondria and the Golgi apparatus which had a normal appearance also indicate that the normal metabolic process is resumed by the restoration process of the plasma membrane.
This corresponds with the finding that the normal physiological functions of the plasma membrane of the nodal cells are retained despite gross morphological changes taking place in normal Tyrode solution (TANIGUcHI et al., 1981; IRISAWA and NAKAYAMA, 1983; NAKAYAMA et al., 1984) . As a result of the membrane restoration, the nodal cells lose the morphological polarity within the surface plasma membrane by losing such specialized membrane areas as the intercalated discs and gap junctions, and gaining uniformity of the cell surface.
This uniformity of the cell surface is thought to be suitable for investigation of the isolated cell-free patches.
Severe alterations of the fine structures, such as the disarrangement of myofibrils, recognized in normal Tyrode solution probably result from a combination of several factors: loss of the normal anchoring of the myofibrils on the former intercalated discs caused by the internalization of the disc membrane with subplasmalemmal dense material, a breakdown of the Z band, and alterations in the intracellular cytoskeletal elements such as intermediate filaments.
The intermediate filaments in the cardiac muscle are known to keep the myofibrils in register by linking the Z bands of adjacent myfibrils both laterally and to the plasma membrane (LAZARIDES,1980; LAZARIDES et al., 1981) . Thus the alterations of the intermediate filaments and Z bands might cause a disorganization of myofibrils and finally result in the gross morphological modification of the nodal cells in normal Tyrode solution.
Although there is no clear-cut explanation for the alterations of the Z bands and the intermediate filaments, exogenous and/or Ca2+ activated endogenous proteases may play a significant role in their degradation by the perturbation of the intracellular ionic concentration during the isolation process (Busx et al., 1972; REDDY et al., 1975; DANI et al., 1979; RIESER et al., 1979; RUEGER et al., 1981; STEINERT et al., 1981; GEISLER et al., 1982; NELSON and TRAUB, 1982, 1983; TRAUB and NELSON, 1982) .
In normal Tyrode solution, the isolated nodal and working myocardial cells have certain fine structural alterations in common, as mentioned above, but the disarrangement of the myofibrils and the alteration of the intermediate filaments were more remarkable in the nodal cells than those in the working myocardial cells under the same conditions. This can be explained by the fact that the nodal cells might be more severely damaged during the isolation process than the working myocardial cells because nodal cells have more complex cell shapes and are more intitimately connected with neighboring cells, and because a longer period of enzymatic treatment is needed for the isolation of nodal cells. It is important to note that, despite severe morphological alterations, the nodal cells retain normal physiological membrane properties probably because of the rapid membrane restoration. Cell Sci. 53: 49-76 (1982) . Viragh, S. and A. Porte : The fine structure of the conducting system of the monkey heart (Macaca mulatta). 1. The sinoatrial node and the internodal connections. Z. Zellforsch. 145: 191-211 (1973a) . On the impulse conducting system of the monkey heart (Macaca mulatta). 2. The atrioventricular node and bundle. Z. Zellforsch.145: 363-388 (1973b) .
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